1. Introduction {#sec1-ijerph-14-00795}
===============

Dengue fever (DF) is an infectious disease transmitted by *Aedes albopictus* and *Aedes aegypti* \[[@B1-ijerph-14-00795]\]. The World Health Organization (WHO) has estimated that more than 50 million dengue cases occur each year and almost half of the world's population live in areas where dengue is endemic \[[@B2-ijerph-14-00795],[@B3-ijerph-14-00795]\]. Along with the urbanization, both spatial and temporal expansions of dengue fever have been reported worldwide. Understanding the interaction between dengue fever and potential risk factors (geography, environment, and socioeconomic status) is important, which in turn is related to the spatial-temporal heterogeneity of dengue fever, and will help the government take appropriate control measures \[[@B4-ijerph-14-00795],[@B5-ijerph-14-00795],[@B6-ijerph-14-00795],[@B7-ijerph-14-00795]\].

Previous studies have investigated the impacts of socio-ecological factors on dengue fever outbreaks and transmission. Hunter et al. examined the relationship between the construction of water impoundments and dengue fever in tropical areas, and found that the increasing water areas exacerbated the transmission of dengue fever, because they served as breeding places for mosquitos \[[@B8-ijerph-14-00795]\]. Other studies have also been conducted to further investigate these associations \[[@B9-ijerph-14-00795],[@B10-ijerph-14-00795],[@B11-ijerph-14-00795],[@B12-ijerph-14-00795]\]. For example, Qi et al. \[[@B13-ijerph-14-00795]\] explored the impact of socio-ecological factors on dengue fever outbreak in China, and revealed that high road density and low gross domestic product (GDP) per capita were important risk factors of dengue fever, and high population density and normalized difference vegetation index (NDVI) could result in an increase in dengue fever cases. They suggested that the areas with low GDP and high population density were usually peri-urban areas with poor hygiene condition, which could promote the increase of vector cluster, and hence increase the risks of dengue infection. Hu examined the socio-ecological drivers of dengue fever transmission in Queensland using Bayesian approaches, and found that the incidence of dengue fever was highly associated with the monthly average temperature, monthly average rainfall, population density, and overseas travelers \[[@B14-ijerph-14-00795]\].

Though those previous studies showed that dengue fever was influenced by socio-ecological factors, several limitations are worth considering in future studies. First, majority of previous studies employed temporal methods, such as time-series study design to explore risk factors of dengue outbreaks \[[@B12-ijerph-14-00795],[@B15-ijerph-14-00795]\], and only a few have considered the spatial heterogeneity of dengue case distribution \[[@B16-ijerph-14-00795],[@B17-ijerph-14-00795]\]. Furthermore, the studies that considered the spatial heterogeneity of dengue cases were mostly conducted on a coarse spatial resolution (provincial or city) rather than on a fine scale \[[@B17-ijerph-14-00795],[@B18-ijerph-14-00795],[@B19-ijerph-14-00795]\]. Finally, almost all previous studies focused on the individual impacts of each socio-ecological factors on dengue fever \[[@B20-ijerph-14-00795],[@B21-ijerph-14-00795]\], and few investigated the interaction of these factors. Filling these knowledge gaps are helpful for deepening the understanding of the transmission of dengue fever and allocating resources for prevention and control of dengue fever precisely.

To fill these knowledge gaps, we attempted to examine the individual and interactive impacts of socio-ecological factors on dengue fever at a fine scale using the geographical detector in this study, which is based on spatial variance analysis of the spatial consistency of health risk or disease distribution with suspected socio-ecological factors \[[@B22-ijerph-14-00795]\]. The findings of this study will be useful to identify the dominant driving factors of dengue fever, which is important for policy decision and resource allocation.

2. Materials and Methods {#sec2-ijerph-14-00795}
========================

2.1. Study Site {#sec2dot1-ijerph-14-00795}
---------------

Guangzhou, the biggest city and the economic, political, and cultural center of Guangdong Province, is located between the 22°26′ to 23°56′ N and 112°57′ to 114°3′ E ([Figure 1](#ijerph-14-00795-f001){ref-type="fig"}). A total of 167 townships/streets, which are the smallest government administrative units comprised of several communities, were included in the study area. The population in 2010 is more than 12 million (according to the 2010 National Population Census). Guangzhou is one of the areas severely affected by dengue fever outbreaks \[[@B23-ijerph-14-00795],[@B24-ijerph-14-00795]\]. In the last three decades, the incidence of dengue fever has increased by nearly 300%, from 497 in 1987 to 1265 in 2013. In particular, an explosive outbreak occurred in 2014, resulting to a total of 37,322 cases and five deaths \[[@B25-ijerph-14-00795]\].

2.2. Data {#sec2dot2-ijerph-14-00795}
---------

### 2.2.1. Dengue Fever Data {#sec2dot2dot1-ijerph-14-00795}

Daily data of dengue fever in Guangzhou in 2014 were obtained from the National Notifiable Infectious Disease Reporting Information System, which has access to the Guangdong Provincial Center for Disease Control and Prevention \[[@B26-ijerph-14-00795]\]. Only clinically or laboratory confirmed indigenous dengue fever cases are included in this study. According to the diagnostic criteria for dengue fever enacted by the Chinese Ministry of Health, a patient was considered as a confirmed case if the dengue fever virus RNA was detected in their serum using real-time PCR or if IgM against dengue fever virus was present.

A patient was considered to be a clinically diagnosed case if he or she had an acute onset of rashes, headache, subjective fever, itching, anorexia, and leukopenia, and lived in the dengue fever outbreak area \[[@B27-ijerph-14-00795]\]. All data were anonymous without individual identifiable information. The surveillance was determined by the Chinese Ministry of Health as part of continuing public health surveillance and was exempted from institutional review board assessment \[[@B28-ijerph-14-00795]\]. The dengue fever case data was classified by townships/street based on the home addresses. During the outbreak in 2014, the first confirmed case was observed in 1 June, the epidemic peak with 1596 dengue cases was observed in 1 October, and the last case was observed in 12 December.

### 2.2.2. Socio-Ecological Data {#sec2dot2dot2-ijerph-14-00795}

#### Urbanization Data

Three factors were chosen to describe different aspects of urbanization at townships/street level, including population density, urbanization level, and the ratio of urban village. Because the population density data in Guangzhou were not available in 2014, we used the 2015 data as a replacement. The population density data (persons/km^2^) of each township/street in Guangzhou was downloaded from the Socioeconomic Data and Applications Center hosted by the Columbia University (<http://beta.sedac.ciesin.columbia.edu/>) \[[@B16-ijerph-14-00795],[@B29-ijerph-14-00795]\]. Urbanization level was defined as the ratio of construction land in each township/street. Construction land data of 2014 was obtained from the Engineering Technology and Research Center of Guangdong Geography Census Monitoring and Comprehensive Analysis based on Landsat 8 satellite data. The ratio of urban village in 2014 stands for the high-density and low-rise building areas, which was estimated using the remote sensing (RS) technology. First, the impervious surface was derived from the Landsat8-OLI (15 October 2014, Greenwich Mean Time) and Quickbird (5 October 2014, Greenwich Mean Time) satellite imagery, and then a threshold value was set to select the highest density area as the urban village areas \[[@B30-ijerph-14-00795]\]. An urban village in China was developed during the rapid urbanization process. Many farmlands were transformed into construction land, which formed the urban fringe areas. Migrants came into the urban city and lived in the urban fringe areas, which were gradually surrounded by the highly urbanized area and turned into an urban village \[[@B31-ijerph-14-00795]\]. Guangzhou has more than 100 urban villages, which were distributed in nearly every district of Guangzhou. Geography census data and urban village results were obtained from the Engineering Technology and Research Center of Guangdong Geography Census Monitoring and Comprehensive Analysis.

#### Economy

Data on Gross Domestic Product (GDP) per capita in 2010 at the township/street level in Guangzhou were retrieved from the National Bureau of Statistics of China, which was computed by multiplying the population and GDP per capita at the township/street level. We used the data in 2010 because this is the only available data closest to 2014. Road density was selected to reflect the accessibility of Guangzhou, and the road net data were obtained from website of the GEOFBRIK (<http://www.geofabrik.de/index.html>). We classified roads into eight types based on their location, administration, and utility, i.e., footway, living street, path, pedestrian, residential, road, step, and unclassified. All eight types in 2014 were used to calculate the road density.

#### Environmental Factors

Normalized difference vegetation index (*NDVI*) was acquired by the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite imagery to represent the greenness of vegetation and photosynthetic rate. NDVI is an indispensable factor to assess whether the target areas contain living vegetation. The monthly NDVI data (MOD13A3) was obtained, and the annual NDVI value in 2014 was calculated. As NDVI can only reflect the greenness of target areas but not the vegetation coverage ratio, we applied NDVI to calculate the vegetation fraction (VFC) using the following equation \[[@B32-ijerph-14-00795]\]:$$VFC = \frac{NDVI - NDVI_{min}}{NDVI_{max} - NDVI_{min}} \times 100\%$$ where *NDVI* denotes the pixel *NDVI* value, *NDVI~min~* denotes the bare soil *NDVI* value, and *NDVI~max~* denotes the live vegetation *NDVI* value. The vegetation fraction (VFC) was calculated using the ENVI5.0 software (version 5.0, ESRI, Redlands, CA, USA). The resolution of VFC was 1 km, but the urbanization level and ratio of urban village were 30 m, and all the satellite-derived data were unified into 1 km × 1 km resolution, although this may lose some information of the precise profile of the urban village area. Water body areas were chosen to reflect the environmental aspects. Water body data in 2014 in Guangzhou were obtained from the Engineering Technology and Research Center of Guangdong Geography Census Monitoring and Comprehensive Analysis.

#### Meteorological Data

According to previous investigations \[[@B15-ijerph-14-00795]\], temperature and precipitation were chosen to represent climatic conditions. Meteorological data were obtained from the Guangdong Meteorological Service, including daily mean temperature and total rainfall of 127 automatic meteorological stations in Guangzhou. According to the literature, meteorological factors have zero- to three-month lag effect on dengue fever \[[@B33-ijerph-14-00795]\]. Therefore, temperature and precipitation from 1 May to 31 October were selected. Temperature and rainfall at township/street level were obtained using Kriging interpolation through ArcGIS (version 10.2, ESRI, Redlands, CA, USA). Then, the Advanced Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation Model (ASTER GDEM) data (<http://www.gscloud.cn/>) were applied to calibrate the temperature with a lapse rate of 6 °C/km. For precipitation, a Kriging interpolation method was used first to obtain the precipitation interpolation result. Then, the multivariate regression relationship of *Y*~precipitation~ = *X* (latitude, longitude, elevation) was established. Finally, the interpolated precipitation result was adjusted based on the multivariate regression relationship \[[@B34-ijerph-14-00795]\].

2.3. Method {#sec2dot3-ijerph-14-00795}
-----------

### 2.3.1. Moran's I {#sec2dot3dot1-ijerph-14-00795}

Moran's I measures the spatial autocorrelation using the following equation \[[@B35-ijerph-14-00795]\]:$$I_{i} = \frac{x_{i} - \overline{x}}{s^{2}}\sum\limits_{j}c_{ij}\left( {x_{j} - \overline{x}} \right)$$ where $x_{i}$ is the attribute value of spatial grid $i$, $c$ is the matrix of spatial weights, $c_{ij}$ represents the weights of relationship between grid $i$ and $j$, and $\overline{x}$ and $s^{2}$ represent the mean value and variance of $x$, respectively. $I_{i}$ is divided into two parts: positive and negative values. $I_{i}$ has a positive value when the grid $i$ is similar to its neighbors, whereas it is negative when the grid $i$ is dissimilar to its neighbors. The Moran's I detected clusters and were classified into five categories: high-high, low-low, high-low, low-high, and non-significant. The high-high areas indicated the hot spots of dengue fever incidence, while the low-low areas implied the cold spots of dengue fever incidences. High-low and low-high areas were the outliers.

### 2.3.2. Geographical Detector {#sec2dot3dot2-ijerph-14-00795}

Geographical detector was used to assess the impact of environmental factors on disease occurrence or transmission by evaluating the spatial heterogeneity between environmental factors and the diseases. The hypothesis was that the environmental factors would have the similar spatial distribution with the disease, if the chosen environmental factors contribute to the disease occurrence or transmission. This method has been applied in the environmental-related disease investigation, such as typhoid and paratyphoid fever \[[@B36-ijerph-14-00795]\]; hand, foot, and mouth diseases \[[@B37-ijerph-14-00795]\]; and neural tube defects \[[@B38-ijerph-14-00795]\]. The assessment was measured using the following equation:$$q = 1 - \frac{1}{N\sigma^{2}}\sum\limits_{h = 1}^{L}\left( {N_{h}\sigma_{h}^{2}} \right)$$ where *N* and $\sigma^{2}$ refer to the area and the dispersion variance of disease incidence, respectively. The study area is stratified into *L* stratums, *h* = 1, 2, 3 ... *L*. In this study, *L* is the number of townships/street in Guangzhou. *q* was defined as the spatial heterogeneity attribute whose statistical properties change in space. The range of *q* is from 0 to 1, where 1 implies the disease is completely controlled by the chosen environmental factor, while 0 means the disease is totally unrelated to the chosen environmental factor.

Interactive effect was applied to determine whether factors *X*~1~ and *X*~2~ weaken or enhance one another when they work together. Layers *X*~1~ and *X*~2~ were overlaid and their attributes were combined (*X*~1~∩*X*~2~) as a new attribute, *X*~3~. The explanation levels of *X*~1~, *X*~2~, and *X*~3~ were calculated using the geographical detector, respectively. The interactive effects were judged using the following rules with explanation levels of *X*~1~, *X*~2~, and *X*~3~: where *q*(*X*~1~), *q*(*X*~2~), *q*(*X*~1~∩*X*~2~ = *X*~3~) refers to explanation levels of *X*~1~, *X*~2~ and *X*~3~ conducted using the geographical detector. Min (*q*(*X*~1~), *q*(*X*~2~)), Max (*q*(*X*~1~), *q*(*X*~2~)) refers to the minimum and maximum values of *X*~1~ and *X*~2~ explanation levels.

Moran's I was applied to detect the spatial cluster of dengue fever, while the geographical detector was used to examine the individual and interactive impact of socio-ecological factors on dengue fever.

3. Results {#sec3-ijerph-14-00795}
==========

3.1. General Information of the Dengue Epidemic {#sec3dot1-ijerph-14-00795}
-----------------------------------------------

In 2014, 37,322 indigenous dengue fever cases were reported in Guangzhou. The average incidence rate was 289.97 per 100,000 population. Women accounted for 50.73% with an average incidence rate of 307.39 per 100,000 population. Elderly individuals had the highest incidence rate (497.64 per 100,000 population). Among the occupations, household/unemployed represented the largest proportion (23.36%) of indigenous dengue fever cases, which is followed by the retired (13.99%). The general information of dengue fever in Guangzhou in 2014 is shown in the [Supplementary Table S1](#app1-ijerph-14-00795){ref-type="app"}.

In [Figure 2](#ijerph-14-00795-f002){ref-type="fig"}A, one hot spot (high incidence area) was detected in the center area of Guangzhou, including, five districts (Baiyun, Tianhe, Yuexiu, Liwan, and Haizhu), while three cold spots (low incidence areas) were found in the outskirts (Huadu, Panyu, and Zengcheng). Moreover, at the township/street level, 10 high dengue fever incidence areas were identified ([Figure 2](#ijerph-14-00795-f002){ref-type="fig"}B). Dengue fever incidence in urban villages was higher than that of non-urban villages in the same township/street. A total of four high dengue fever incidence were found in the urban villages in Baiyun district, one in Haizhu district, one in Huadu district, one in Huangpu district, and three in Zengcheng district.

3.2. Socio-Ecological Distribution at Township/Street Level in Guangzhou {#sec3dot2-ijerph-14-00795}
------------------------------------------------------------------------

Nine socio-ecological factors were mapped in [Figure 3](#ijerph-14-00795-f003){ref-type="fig"}.

The mean values of these factors were 128,500 CNY (GDP per capita, A), 17,562.44 person per km^2^ (population density, B), 204.81 mm (precipitation, C), 8.86 km/km^2^ (road density, D), 27.43 °C (temperature, E), 56.22% (urbanization level or construction land ratio, F), 16.47% (VFC, G), 11.50 km^2^ (urban village, H), and 2.92 km^2^ (water areas, I). Most areas with high value of socio-ecological factors were located in the center or south of Guangzhou, while precipitation was heavy in the northeast of areas, and the majority of water bodies were located in northwest and south areas.

3.3. Assessing the Impact of Socio-Ecological Factors on Dengue Fever {#sec3dot3-ijerph-14-00795}
---------------------------------------------------------------------

[Table 1](#ijerph-14-00795-t001){ref-type="table"} showed that dengue fever incidence was positively associated with the population density (*R* = 0.49, *p* \< 0.01), road density (*R* = 0.36, *p* \< 0.01), temperature (*R* = 0.51, *p* \< 0.01), urbanization level (*R* = 0.42, *p* \< 0.01), the ratio of urban villages (*R* = 0.28, *p* \< 0.01), and precipitation (*R* = 0.09, *p* \< 0.01). However, GDP per capita (*R* = −0.23, *p* \< 0.01), VFC (*R* = −0.57, *p* \< 0.01), and water body areas (*R* = −0.38, *p* \< 0.01) were negatively correlated with the incidence. The results of geographical detector showed that seven factors, including precipitation, road density, temperature, urbanization level, VFC, urban village, and water body areas, are statistically significant (*p* \< 0.05), but the GDP per capita and population density were not significant. Monthly average temperature (*q* = 0.33) was the dominant factor of dengue fever, followed by monthly average precipitation (*q* = 0.24), road density (*q* = 0.24), and water body area (*q* = 0.23).

3.4. Interaction of Socio-Ecological Factors on Dengue Fever {#sec3dot4-ijerph-14-00795}
------------------------------------------------------------

When only the interactive impacts of two socio-ecological factors were taken into consideration, 32 pairs of joint impacts were statistically significant, apart for four pairs (GDP and urban village ratio, GDP and population density, urbanization level and VFC, and road density and VFC). All the interactive impact results are shown in [Supplementary Table S2](#app1-ijerph-14-00795){ref-type="app"}.

[Figure 4](#ijerph-14-00795-f004){ref-type="fig"} shows that when temperature and precipitation are taken into consideration, the interaction of other socio-ecological and meteorological factors increases dramatically. The combination of weather and other socio-ecological factors is nearly 1.5--12 times larger than the individual impact of GDP, population density, etc.

4. Discussion {#sec4-ijerph-14-00795}
=============

Nowadays, dengue fever has been regarded as the most prevalent and rapidly spreading mosquito-borne viral disease in humans. Exploring the risk factors and implementing control interventions are the major strategies to control and prevent global dengue epidemics. In the present study, we used a spatial analysis method to investigate the independent and interactive effects of several socio-ecological factors on the 2014 dengue epidemic at a township/street level in Guangzhou. We observed four clusters of dengue cases here; while the dengue infection risks demonstrated positive associations with road density, ambient temperature, urbanization level, urban village ratios, and precipitation, but negative associations with GDP per capita, VFC, and water body areas.

The effects of population density, road density, urbanization, urban village, and GDP level on dengue epidemics have been assessed in several studies previously \[[@B13-ijerph-14-00795],[@B17-ijerph-14-00795],[@B39-ijerph-14-00795],[@B40-ijerph-14-00795]\]. For example, Hassan et al. observed that high risk of dengue infections mainly appeared in the areas with higher population density and low neighborhood quality in Saudi Arabia \[[@B17-ijerph-14-00795]\]. Qi et al. also observed that the risks of dengue infection were higher in areas with higher population density, higher road density, and lower GDP per capita in the Pearl River Delta in China \[[@B13-ijerph-14-00795]\]. However, we did not find significant effects of population density on dengue incidence in this study. This inconsistency with some previous studies might be explained by several reasons. First, during the epidemic of dengue outbreak, more rigorous control interventions were conducted in the areas with high population density \[[@B41-ijerph-14-00795]\], such as in the central urban areas, which might more sufficiently control the transmission and outbreak of dengue. Second, the methods used in most previous studies did not take into account the spatial heterogeneity of dengue case distribution \[[@B15-ijerph-14-00795],[@B42-ijerph-14-00795],[@B43-ijerph-14-00795]\]. We here employed a geographical detector, which could sufficiently adjust for the spatial heterogeneity between the study units and may provide more precise results \[[@B22-ijerph-14-00795]\]. However, our study only focused on a single city, and it is needed to be further clarified in future studies.

Urban villages were found to have a higher dengue incidence rate compared with other areas, which was similar to that of Saudi et al.'s study \[[@B17-ijerph-14-00795]\]. Urban villages in China have poor quality living areas. It differs from that in the Western countries, which refers to a village-style urban neighborhood \[[@B44-ijerph-14-00795]\]. Urban villages in Guangzhou were built without unified planning, and the sanitation such as poor garbage transfer and disposal system was poor \[[@B31-ijerph-14-00795]\]. Water pits were easily formed in the villages, which could provide breeding sites for mosquitos. In addition, the distances between buildings are usually very small, which can cause ideal shadow places for mosquito abundance because *Aedes albopictus* tended to be the semi domestic mosquitoes and semi wild living mosquitoes, and it usually established breeding sites under shadowed water containers or near construction site pool \[[@B45-ijerph-14-00795],[@B46-ijerph-14-00795]\]. In addition, more than 70% of the urban village residents have low educational attainment, which results in a lack of knowledge regarding dengue prevention \[[@B47-ijerph-14-00795],[@B48-ijerph-14-00795]\], and leads to higher risk of being infected with dengue. These findings imply that improving dengue prevention and control strategies in urban village areas is quite urgent.

We further observed that environmental factors, including VFC and water body areas, were negatively related to dengue incidences, indicating that areas with more vegetation and water body had lower dengue incidence, which is consistent with several previous studies \[[@B12-ijerph-14-00795],[@B13-ijerph-14-00795],[@B49-ijerph-14-00795]\]. The negative associations may be because the areas with higher NDVI and more water body were mainly located in the suburbs of Guangzhou, where the mosquito density may be very high because their habitats are usually present in these areas, but that of the population density was very low. For example, in the Conghua district (a district located in the north of Guangzhou) in 2014, although the average Breteau Index (BI, an index used to evaluate the number of containers positive for *Aedes* larvae or pupae per 100 houses \[[@B50-ijerph-14-00795]\]) was higher than that in the Yuexiu district located in the central urban area (3.28 vs. 0.88), the average population density was 1231 person/km^2^, which was significantly lower than that in the Yuexiu district (45,393 person/km^2^). Therefore, even though some people are infected by dengue virus, the virus may be difficult to be transmitted to other people \[[@B51-ijerph-14-00795],[@B52-ijerph-14-00795]\]. However, some other studies found positive associations between dengue epidemics and vegetation and surface water areas \[[@B42-ijerph-14-00795],[@B53-ijerph-14-00795]\]. The reasons for these differences are still unknown. Therefore, more studies are needed to further investigate the effects of vegetation and water body on dengue fever risks in the future.

The positive associations between dengue incidence and temperature and precipitation in our study are similar to some previous studies \[[@B54-ijerph-14-00795],[@B55-ijerph-14-00795],[@B56-ijerph-14-00795],[@B57-ijerph-14-00795],[@B58-ijerph-14-00795]\]. For instance, Wu et al. who conducted a study in Taiwan, with the same latitude as Guangzhou, observed that dengue fever incidence was positively related with monthly maximum temperature, minimum temperature, and rainfall at different lag months \[[@B58-ijerph-14-00795]\]. Xu et al. also found similar results in Guangzhou from 2005 to 2015 using generalized additive models (GAMs) and zero-inflated GAMs (ZIGAMs) \[[@B57-ijerph-14-00795]\]. It has been demonstrated that ambient temperature affects each stage of the mosquito's life cycle. High temperature could shorten the incubation period and increase the biting rates, which may enlarge the mosquito population in a short period of time. High temperature could also increase human exposure to mosquitos, e.g., by the increased time of spending outdoors and opening windows \[[@B59-ijerph-14-00795]\]. Precipitation is another important factor affecting dengue fever incidence mainly through the effects on mosquito's life cycle and population dynamics. Increased near-surface humidity has been associated with precipitation, which could enhance mosquito flight activity and host-seeking behaviors, and rainfall can also change the abundance and type of aquatic habitats available to the mosquitos for egg depositions (oviposition) \[[@B60-ijerph-14-00795]\]. In addition, precipitation can provide breeding sites and promote egg hatching, which causes an increase in the number of mosquitoes \[[@B61-ijerph-14-00795]\]. Our observations illustrated that temperature and precipitation are important factors of dengue infection in China and could be used to predict or project dengue transmission.

For interactive impacts, we mainly found that temperature and precipitation could significantly enhance other factors' effects on dengue fever, which indicates that they may be the dominant determinants of dengue fever in South China, which is consistent with that of a previous study \[[@B62-ijerph-14-00795]\]. The average temperature in Guangzhou ranged between 18.81 °C and 29.62 °C. Therefore, increase in average temperature caused by urban heat island could significantly increase the risks of dengue fever infection in the central urban areas. The increase of precipitation in the central areas could increase breeding sites for mosquitos, leading to increased density of mosquitos, and hence increasing the transmission risks of dengue fever virus \[[@B63-ijerph-14-00795]\]. The interactive effects between meteorological and other factors on dengue incidence are similar with that of the population density. For example, the areas with high road density, GDP, urbanization, and urban village ratio were also usually located in the central urban areas with high population density \[[@B64-ijerph-14-00795]\]. These findings indicate that the combined effects of various factors should be considered in the risk assessment and control prevention strategies of dengue fever in South China.

This study has several strengths. First, we collected data at a fine spatial scale using the GIS and RS techniques and examined both independent and joint impacts of socio-ecological factors on dengue fever incidence, which extends our understanding of dengue transmission in South China. Second, to the best of our knowledge, this is the first study to investigate the effects of urban village, a special geographical phenomenon in the process of urbanization in China, on dengue transmission in China.

However, several limitations should be mentioned while interpreting our findings. First, adult mosquito data in this study were inadequate to further verify the effects of socio-ecological factors on dengue fever transmission because the establishment of vector surveillance in Guangdong was finished in 2015. Moreover, the mosquito population data were spatially uneven in Guangzhou area. However, we used BI to indirectly explain their mediation effects during the effects of socio-ecological factors on dengue fever transmission. Second, mosquito survival and dengue fever transmission has been reported to decrease when daily temperature is either cooler than 18 °C or warmer than 32 °C \[[@B65-ijerph-14-00795]\]. Therefore, the variation of temperature is another important factor affecting the behavior of mosquitos. In this study, we only used the daily mean temperature to explore its effects on dengue incidence rate. Therefore, more studies are needed to assess the effects of temperature variation, such as daily maximum and minimum temperature, in Guangzhou area.

5. Conclusions {#sec5-ijerph-14-00795}
==============

Four clusters of dengue cases were identified in Guangzhou in 2014. The dengue incidence might either be independently or be jointly impacted by multiple socio-ecological factors, including meteorological, environmental, and socioeconomic factors. These findings extend our understanding of the nature of dengue fever transmission, and also have important implications for the planning and implementation of control and prevention measures in South China.
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The following are available online at [www.mdpi.com/1660-4601/14/7/795/s1](www.mdpi.com/1660-4601/14/7/795/s1), Table S1: Number of indigenous cases by gender, age and employment status in Guangzhou 2014. Table S2: Interactive impact of socio-ecological factors on dengue fever incidence.
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![Dengue fever spatial cluster at the district level and the high dengue fever incidence across townships/streets in Guangzhou in 2014. (**A**) is the spatial cluster of dengue fever, and (**B**) is the comparison of urban villages with non-urban villages in the same township/street in the top ten dengue incidence townships/streets.](ijerph-14-00795-g002){#ijerph-14-00795-f002}

![Spatial distribution of socio-ecological factors in 167 townships/streets in Guangzhou in 2014. (**A**) Gross domestic product (GDP) per capita; (**B**) Population density; (**C**) Monthly average precipitation from May to October; (**D**) Road density; (**E**) Monthly average temperature from May to October; (**F**) Construction land ratio; (**G**) Vegetation fraction; (**H**) Urban village; (**I**) Water areas.](ijerph-14-00795-g003){#ijerph-14-00795-f003}

![Interactive impact of weather factors and other socio-ecological factors. Gray is the individual impact of GDP, population density, road density, urbanization level, urban village ratio, and water body area. Red is the interactive impact of temperature and the above socio-ecological factors. Blue is the interactive impacts of precipitation and the above socio-ecological factors. All the interactive impacts are statistically significant (*p* \< 0.05).](ijerph-14-00795-g004){#ijerph-14-00795-f004}
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Spatial association between socio-ecological factors and dengue fever incidence.

  Factors   GDP          Population Density   Precipitation   Road Density   Temperature   Urbanization Level   Vegetation Fraction   Urban Village Ratio   Water Body Areas
  --------- ------------ -------------------- --------------- -------------- ------------- -------------------- --------------------- --------------------- ------------------
  *R*       −0.23 \*\*   0.49 \*\*            0.09 \*\*       0.36 \*\*      0.51 \*\*     0.42 \*\*            −0.57 \*\*            0.28 \*\*             −0.38 \*\*
  *q*       0.03         0.03                 0.24 \*         0.24 \*        0.33 \*       0.11 \*              0.19 \*               0.13 \*               0.23 \*

*R* means correlation coefficient, *q* is the result calculated using the geographical detector, \*\* *p* \< 0.01, \* *p* \< 0.05.

[^1]: These authors contributed equally to this work.
